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Abstract
Superior stability and safety are key promises attributed to all-solid-state batter-
ies (ASSBs) containing solid-state electrolyte (SSE) compared to their conventional
counterparts utilizing liquid electrolyte. To unleash the full potential of ASSBs, SSE
materials that are stable when in contact with the low and high potential electrodes
are required. The electrochemical stability window is conveniently used to assess the
SSE–electrode interface stability. In the present work, we review the most important
methods to compute the SSE stability window. Our analysis reveals that the stoi-
chiometry stability method represents a bridge between HOMO–LUMO method and
phase stability method (grand canonical phase diagram). Moreover, we provide com-

























their results for the relevant Li- and Na-SSE materials LGPS, LIPON, LLZO, LLTO,
LATP, LISICON, and NASICON, and we discuss their relation to published experi-
mental stability windows.
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Introduction
Solid-state electrolyte (SSE) materials, i.e. materials that provide ionic but no electronic
conductivity, are key components of all-solid-state batteries (ASSBs), which are considered
as promising candidates for next generation Li- and Na-ion batteries. State-of-the-art Li-
ion batteries are based on liquid organic electrolytes, which are flammable and furthermore
thermodynamically unstable against the low-potential electrode, e.g. metallic Li. Their op-
eration is possible only because of the formation of a passivating layer between the electrode
and the liquid electrolyte, termed the “solid electrolyte interphase”∗ (SEI).1,2 In comparison
to liquid electrolytes, many SSE materials offer superior stability against reduction and ox-
idation. Nevertheless, only few SSE materials provide true thermodynamic stability against
the corresponding metallic anode.3,4 Therefore, interfacial stability between the electrode
and the solid-state electrolyte is a focus topic in current ASSB research.5,6 For many SSE
materials, a passivating interphase layer forms between the metallic low-potential electrode
and the SSE,3,5–7 which consists of SSE decomposition products, similar to the SEI layer in
liquid electrolyte Li-ion cells. Although such a “metal–solid electrolyte interphase (MSEI)
layer”7 can render an ASSB meta-stable due to passivation and also provide a certain ionic
∗Strictly speaking, the orignial term was chosen to denote the solid “phase” of the passivating layer
with a certain ionic conductivity, i.e. a “solid electrolyte phase” in between the electrode and the liquid
electrolyte. Nowadays, however, also the term “solid–electrolyte interface” is commonly used for SEI, i.e.
the layer at the “interface” between the solid electrode and the liquid electrolyte. The use of the abbreviation
SEI allows to neglect these subtle differences in terminology.
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SSE + xA
<latexit sha1_base64="l+7MYEgyZg4b44s8VZo1hjlKwvM=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFE JSSiKDLqgguK7UXaEKZTKft0MmFmRNpCdm48VXcuFDEre/gzrdx2mahrT8MfPznHM6c34sEV2BZ30ZuYXFpeSW/Wlhb39jcMrd36iqMJWU1GopQNj2imOABqwEHwZqRZMT3BGt4g+txvfHApOJhcA+jiLk+6QW8yykBbbXNfQ fYEJJq9SZ1MD528NA5wVPvMm2bRatkTYTnwc6giDJV2uaX0wlp7LMAqCBKtWwrAjchEjgVLC04sWIRoQPSYy2NAfGZcpPJFSk+1E4Hd0OpXwB44v6eSIiv1Mj3dKdPoK9ma2Pzv1orhu6Fm/AgioEFdLqoGwsMIR5HgjtcMgp ipIFQyfVfMe0TSSjo4Ao6BHv25Hmon5ZszXdnxfJVFkce7aEDdIRsdI7K6BZVUA1R9Iie0St6M56MF+Pd+Ji25oxsZhf9kfH5A95Pl4Q=</latexit><latexit sha1_base64="l+7MYEgyZg4b44s8VZo1hjlKwvM=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFE JSSiKDLqgguK7UXaEKZTKft0MmFmRNpCdm48VXcuFDEre/gzrdx2mahrT8MfPznHM6c34sEV2BZ30ZuYXFpeSW/Wlhb39jcMrd36iqMJWU1GopQNj2imOABqwEHwZqRZMT3BGt4g+txvfHApOJhcA+jiLk+6QW8yykBbbXNfQ fYEJJq9SZ1MD528NA5wVPvMm2bRatkTYTnwc6giDJV2uaX0wlp7LMAqCBKtWwrAjchEjgVLC04sWIRoQPSYy2NAfGZcpPJFSk+1E4Hd0OpXwB44v6eSIiv1Mj3dKdPoK9ma2Pzv1orhu6Fm/AgioEFdLqoGwsMIR5HgjtcMgp ipIFQyfVfMe0TSSjo4Ao6BHv25Hmon5ZszXdnxfJVFkce7aEDdIRsdI7K6BZVUA1R9Iie0St6M56MF+Pd+Ji25oxsZhf9kfH5A95Pl4Q=</latexit><latexit sha1_base64="l+7MYEgyZg4b44s8VZo1hjlKwvM=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFE JSSiKDLqgguK7UXaEKZTKft0MmFmRNpCdm48VXcuFDEre/gzrdx2mahrT8MfPznHM6c34sEV2BZ30ZuYXFpeSW/Wlhb39jcMrd36iqMJWU1GopQNj2imOABqwEHwZqRZMT3BGt4g+txvfHApOJhcA+jiLk+6QW8yykBbbXNfQ fYEJJq9SZ1MD528NA5wVPvMm2bRatkTYTnwc6giDJV2uaX0wlp7LMAqCBKtWwrAjchEjgVLC04sWIRoQPSYy2NAfGZcpPJFSk+1E4Hd0OpXwB44v6eSIiv1Mj3dKdPoK9ma2Pzv1orhu6Fm/AgioEFdLqoGwsMIR5HgjtcMgp ipIFQyfVfMe0TSSjo4Ao6BHv25Hmon5ZszXdnxfJVFkce7aEDdIRsdI7K6BZVUA1R9Iie0St6M56MF+Pd+Ji25oxsZhf9kfH5A95Pl4Q=</latexit><latexit sha1_base64="l+7MYEgyZg4b44s8VZo1hjlKwvM=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFE JSSiKDLqgguK7UXaEKZTKft0MmFmRNpCdm48VXcuFDEre/gzrdx2mahrT8MfPznHM6c34sEV2BZ30ZuYXFpeSW/Wlhb39jcMrd36iqMJWU1GopQNj2imOABqwEHwZqRZMT3BGt4g+txvfHApOJhcA+jiLk+6QW8yykBbbXNfQ fYEJJq9SZ1MD528NA5wVPvMm2bRatkTYTnwc6giDJV2uaX0wlp7LMAqCBKtWwrAjchEjgVLC04sWIRoQPSYy2NAfGZcpPJFSk+1E4Hd0OpXwB44v6eSIiv1Mj3dKdPoK9ma2Pzv1orhu6Fm/AgioEFdLqoGwsMIR5HgjtcMgp ipIFQyfVfMe0TSSjo4Ao6BHv25Hmon5ZszXdnxfJVFkce7aEDdIRsdI7K6BZVUA1R9Iie0St6M56MF+Pd+Ji25oxsZhf9kfH5A95Pl4Q=</latexit>
 !<latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8Ei uCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2 IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4M oA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="wCeQQCf8nwiepXrEfdaZhmQ3aQw=">AAACBHicbZDLSsNAFIZPvNZaNbp1EyyK uCiJG10KblxWsBdoSplMJ83QuYSZiVpC3sCNr+LGhSI+gzvfxknbhbYeOPDx/zOcc/4oZVQb3/92VlbX1jc2K1vV7drO7p67X2trmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovF16XfuidJUijszSUmfo5GgMcXIWGngnoQc mSSK8/BR0VFikFLyIQ8TnSJMznK/EWBeFMXArfsNf1reMgRzqMO8mgP3KxxKnHEiDGZI617gp6afI2UoZqSohpkmdsQYjUjPokCc6H4+vafwjq0y9GKpbAvjTdXfP3LEtZ7wyL4st9eLXin+5/UyE1/2cyrSzBCBZ4PijHlG emU43pAqgg2bWEBYUburhxOkEDY2wqoNIVg8eRna543A8q0PFTiEIziFAC7gCm6gCS3A8AQv8AbvzrPz6nzM4lpx5rkdwJ9yPn8AYxWb2Q==</latexit><latexit sha1_base64="wCeQQCf8nwiepXrEfdaZhmQ3aQw=">AAACBHicbZDLSsNAFIZPvNZaNbp1EyyK uCiJG10KblxWsBdoSplMJ83QuYSZiVpC3sCNr+LGhSI+gzvfxknbhbYeOPDx/zOcc/4oZVQb3/92VlbX1jc2K1vV7drO7p67X2trmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovF16XfuidJUijszSUmfo5GgMcXIWGngnoQc mSSK8/BR0VFikFLyIQ8TnSJMznK/EWBeFMXArfsNf1reMgRzqMO8mgP3KxxKnHEiDGZI617gp6afI2UoZqSohpkmdsQYjUjPokCc6H4+vafwjq0y9GKpbAvjTdXfP3LEtZ7wyL4st9eLXin+5/UyE1/2cyrSzBCBZ4PijHlG emU43pAqgg2bWEBYUburhxOkEDY2wqoNIVg8eRna543A8q0PFTiEIziFAC7gCm6gCS3A8AQv8AbvzrPz6nzM4lpx5rkdwJ9yPn8AYxWb2Q==</latexit><latexit sha1_base64="znspkTXC6F4vh6lCzpMpFBTYdFY=">AAACD3icbVC7TsNAEDyHVwgvAyWNRQRC FJFNA2UEDWWQyEOKreh8Ocen3MO6OwOR5T+g4VdoKECIlpaOv+GcuICEkVYazexqdydMKFHadb+tytLyyupadb22sbm1vWPv7nWUSCXCbSSokL0QKkwJx21NNMW9RGLIQoq74fiq8Lt3WCoi+K2eJDhgcMRJRBDURhrYxz6D Og6jzH+QZBRrKKW4z/xYJRDh08xteIjleT6w627DncJZJF5J6qBEa2B/+UOBUoa5RhQq1ffcRAcZlJogivOanypsVozhCPcN5ZBhFWTTf3LnyChDJxLSFNfOVP09kUGm1ISFprO4Xs17hfif1091dBFkhCepxhzNFkUpdbRw inCcIZEYaToxBCJJzK0OiqGESJsIayYEb/7lRdI5a3iG37j15mUZRxUcgENwAjxwDprgGrRAGyDwCJ7BK3iznqwX6936mLVWrHJmH/yB9fkDI0WdTw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit><latexit sha1_base64="4pBcafeNfQGzTyhpRR3mughtyH8=">AAACD3icbVDLSsNAFJ34rPUVdekmWBRx URIRdFl047KCfUATymQ6aYbOI8xM1BLyB278FTcuFHHr1p1/46TNQlsPXDiccy/33hMmlCjtut/WwuLS8spqZa26vrG5tW3v7LaVSCXCLSSokN0QKkwJxy1NNMXdRGLIQoo74eiq8Dt3WCoi+K0eJzhgcMhJRBDURurbRz6D Og6jzH+QZBhrKKW4z/xYJRDhk8yte4jled63a27dncCZJ15JaqBEs29/+QOBUoa5RhQq1fPcRAcZlJogivOqnypsVozgEPcM5ZBhFWSTf3Ln0CgDJxLSFNfORP09kUGm1JiFprO4Xs16hfif10t1dBFkhCepxhxNF0UpdbRw inCcAZEYaTo2BCJJzK0OiqGESJsIqyYEb/bledI+rXuG35zVGpdlHBWwDw7AMfDAOWiAa9AELYDAI3gGr+DNerJerHfrY9q6YJUze+APrM8fJIWdUw==</latexit>
D1 + D2 + · · ·
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Figure 1: The same SSE instability reaction in a closed-circuit cell (a) and open-circuit cell
(b). CE = counter electrode, RI = reaction interface, E = electrode, A = mobile species
(Li, Na, . . . ).
conductivity to sustain battery operation, the battery performance will be deteriorated be-
cause of the reduced ionic conductivity of the interphase layer. The same conclusion holds for
passivating interphase layers between SSE and high-potential electrode.4 Thus, for ASSBs to
unfold their full potential, stability of the SSE against both electrodes is desirable to avoid
the formation of interphase layers.
The interface stability properties of an SSE material in contact with an electrode are best
described by its electrochemical stability window. We refer to “electrochemical stability” as
the stability of an SSE material against reactions that contain transfer of atoms of the mobile
species, e.g. Li- or Na-atoms. It must be emphasized that only the transfer of neutral atoms
represents an SSE instability. In contrast, the transfer of mobile species ions, e.g. Li+ or
Na+, across the electrode–SSE interface is part of the normal battery operation and it does
not alter the SSE composition or structure.
This definition of “electrochemical stability” comprises both potential-driven SSE insta-
bility processes in a closed-circuit cell and direct reactions between SSE and electrodes under
exchange of mobile species atoms that can also proceed in an open-circuit cell. In fact, both
types of processes are equivalent: In an electrochemical process, the electrode represents an
electron reservoir and electron transfer occurs across the electrode–electrolyte interface. If
only electrons are transferred, the build-up of charge quickly stops the process. Thus, for
an instability reaction to proceed, charge neutrality must be preserved i.e. the electronic
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charge transfer must be compensated by the movement of mobile ions to/from the instability
reaction interface (RI), cf. Figure 1. In a closed-circuit electrochemical cell, Figure 1a, the
compensating ions are supplied to interface RI through the SSE by the counter-reaction at
the opposite electrode CE. However, in an ASSB the electro-active electrode materials are
also ion reservoirs. Therefore, the compensating ions for the instability reaction can also
be provided in an open-circuit ASSB from electrode E itself across the same electrode–SSE
interface RI as the electrons. The combination of electron and ion transfer represents a
transfer of neutral mobile atoms between electrode and SSE, Figure 1b.
According to this reasoning, a general electrochemical SSE instability reaction is written
SSE + xA −→ D1 + D2 + · · · (1)
where A = Li, Na, ... denotes the mobile species within an SSE material and D1, . . . denotes
different decomposition products. The coefficient x can be positive or negative, depending on
the direction of A-transfer. Reaction (1) represents the overall cell reaction of Figure 1. The
electrochemical character becomes more obvious from the corresponding half-cell reaction at
the electrode–SSE interface RI,
SSE + xA+ + x e− −→ D1 + D2 + · · · (2)
Thus, for x > 0 the instability reaction is an SSE reduction, and for x < 0 an SSE oxidation.
If an A-metal counter electrode is used, the counter half-cell reaction is simply given by
xA −→ xA+ + x e− (3)
i.e. A-metal oxidation for x > 0 or plating for x < 0. The equilibrium potential of the electro-
chemical SSE instability reaction (2) versus the reference electrode reaction (3) is expressed
by the Nernst equation in terms of the Gibbs free energy of the overall cell reaction (1), cf.
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where Gi denotes the Gibbs free energy of compound i. For x > 0 (SSE reduction), re-
action (2) proceeds if the SSE material is in contact with an electrode potential Φ < Φeq.
Vice versa, for x < 0 (SSE oxidation), reaction (2) proceeds if the SSE material is in con-
tact with an electrode potential Φ > Φeq. The equilibrium potentials of all possible SSE
instability reactions of type (1) yield an electrochemical series of SSE reduction and oxi-
dation potentials. The limiting SSE reduction potential Φred is given by the maximum of
all equilibrium potentials for reactions with x > 0, Φred = max({Φeq,i |xi > 0}), and the
limiting SSE oxidation potential Φox by the minimum of all equilibrium potentials for x < 0,
Φox = min({Φeq,j |xj < 0}). For electrode potentials Φred < Φ < Φox, no reduction or ox-
idation of the SSE occurs. Therefore, the potential range [Φred , Φox] is the electrochemical
stability window of the SSE material.
Different computational methods have been applied to determine the electrochemical
stability window. The positions of the electronic HOMO and LUMO states, i.e. the valence
and conduction band edges, provide an estimate of the electrochemical stability window.8–10
In this approach, the electrode in contact with the SSE is considered as “electron reservoir”
and only electron transfer between electrode and SSE is considered. The “HOMO–LUMO
method” allows for a rather quick estimation of the width of the stability window in terms of
the electronic band gap. However, its absolute position with respect to a reference electrode
is difficult to determine with this methodology9 because of the dipole at the electrode–SSE
interface that shifts the relative positions of electronic states. Furthermore, because the
electrode is assumed chemically inert, the HOMO–LUMO gap is considered only an upper
bound for the electrochemical stability window.4,10
The interface dipole problem is avoided by considering combined electron and ion transfer
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between SSE and electrode, i.e. transfer of neutral mobile Li- or Na-atoms, as described by
reactions (1) and (2). The dipole does not affect the energies of charge-neutral states. Thus,
the absolute position of the stability window w.r.t. a reference potential can be conveniently
determined from bulk computations. Two different cases are distinguished corresponding to
two different methods to compute the stability window.
The first method considers reactions of type (1) in the limit of small x where the only
product is the same SSE phase with a changed stoichiometry of the mobile species. In the
following, we will refer to this method as “stoichiometry stability method”. Such processes
are similar to Li-insertion or Li-extraction reactions in electro-active electrode materials.
Whereas in the latter case such reactions are part of the required function, for an SSE they
represent an instability. This method was applied to compute the Li-insertion potentials
of various garnet-type Li-SSE materials,11 the Li-insertion and Li-extraction potentials of
LGPS,12 and the Na-extraction potentials of various Na-SSE materials.13 A similar defect
chemistry-derived perspective on SSE stability was adopted to investigate the instability of
Li4P2S6 SSE against metallic Li.
14 Although this type of instability reaction is sometimes
referred to as “topochemical” or “topotactic”, we believe that this terminology must be
used with care, because, strictly speaking, the latter terms denote an insertion reaction
“that results in significant structural modifications to the host”, as defined by IUPAC.15 In
contrast, apart from some local relaxation, the SSE structure is usually considered unchanged
when computing the insertion/extraction potentials of mobile species by filling/generating
vacancies within the SSE host structure.
On the contrary, the “phase stability method” considers reactions of type (1) that result
in major decomposition of the SSE phase into several different product phases. This is typi-
cally done by constructing the grand canonical phase diagram of the SSE and identifying the
critical values of the mobile species chemical potential that define the limiting SSE reduction
and oxidation potentials.3,10,16 Because the phase stability method takes into account a set
of instability reactions that is disjoint from the stoichiometry stability method, the corre-
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sponding stability windows are complementary in the sense that the overall electrochemical
stability window of an SSE material is the intersection of the stoichiometry stability window
and the phase stability window. It is commonly assumed that the phase stability window
is generally narrower than the stoichiometry stability window,13 so that the overall stability
window is determined by the former. However, to the best of our knowledge, no rigorous
proof for this assumption exists to date. In contrast to the HOMO–LUMO method, both the
stoichiometry stability method and the phase stability method yield a reliable absolute po-
sition of the electrochemical stability window w.r.t. a reference electrode potential, however
at the expense of an increased computational effort.
In the present work, we analyse the relation between the different methods with a focus
on the stoichiometry stability method. We provide computational implementations in an
open-source repository17 and we compare the results for a set of relevant Li- and Na-SSE
materials.
Methodology
In the following, we indicate with A = Li, Na, . . . , the mobile species within an SSE material.
We first discuss the stoichiometry stability method, then its connection with the HOMO–
LUMO method, and finally the phase stability method.
Stoichiometry stability window
We denote as AnM the stable composition for a unit cell of an SSE material, where the mean-
ing of “stable” is further specified below. As explained in the Introduction, the stoichiometry
stability method considers A-insertion/extraction reactions to/from the SSE structure,
A + AnM −→ An+M (5)
AnM −→ An−M + A (6)
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where  is small compared to n. The critical difference between these instability processes
and the transfer of A+ ions during normal battery operation is the fact that the former
change the SSE stoichiometry and the oxidation state of certain species in the M-matrix.
They represent redox-reactions between SSE and the respective electrode material: SSE
reduction (5) and SSE oxidation (6).
For a general SSE stoichiometry An+zM that deviates by z from the stable composition,
reactions (5) and (6) read
An+zM ± A ←→ An+(z±)M (7)
The equilibrium potential Φeq of reaction (7) vs. the reference potential of the A-metal
oxidation process (3) is a function of the deviation z from the stable stoichiometry, and,














Here, µAA = GA is the chemical potential of A-metal, i.e. its Gibbs free energy per atom, and










which is equal to the derivative of the Gibbs free energy G(z) := GAn+zM as a function of the
stoichiometry deviation z. Equation (8) is identical to the general relation for the A-insertion
potential of electro-active battery materials.18–20
In general, the stable SSE composition AnM corresponds to a stoichiometry where all
constituting ions are formally in an electronic closed-shell configuration. Consequently, SSE
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materials have a band gap ELUMOAnM − EHOMOAnM > 0 and are electronic isolators as required
for their function as electrolyte. There exists a qualitative difference between adding A to
and extracting A from the stable composition AnM: The electrons of added A populate
LUMO states of AnM, whereas the electrons of extracted A are removed from HOMO states
of AnM. Therefore, the stable stoichiometry n separates two distinct energetic manifolds
with the consequence that the chemical potential µASSE(z) has a discontinuity at z = 0 with
limz→0+ µASSE being strictly larger than limz→0− µ
A
SSE. Consequently, we obtain two different







































For electrode potentials Φstoired < Φ < Φ
stoi
ox , the SSE stoichiometry is stable and fixed at
AnM, and the valencies of the SSE constituent ions remain constant. Therefore, we call the
potential range [Φstoired , Φ
stoi
ox ] the stoichiometry stability window of the SSE material.
Two simple models that grasp the essential behaviour of the SSE A-stoichiometry as a
function of the electrode potential are presented in the Supplementary Information. Similar
models exist for the Li-insertion into electro-active materials.21 The resulting SSE stoichiom-
etry vs. electrode potential curves are plotted in Figure 2 for generic values of the model pa-
rameters given in the Supplementary Information. Within [Φstoired , Φ
stoi
ox ], the A-stoichiometry
is fixed at n. Outside the stoichiometry stability window, the SSE stoichiometry quickly
changes by inserting (for Φ < Φstoired ) or extracting (for Φ > Φ
stoi
ox ) A-atoms. In this region,
the behaviour of the A-stoichiometry is determined by the configurational entropy of A-site
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Figure 2: The stoichiometry deviation z in the general SSE composition An+zM as a function
of the electrode potential Φ as derived from two simple models for generic values of the model
parameters, cf. Supplementary Information.
The SSE turns into an electro-active material with a plateau of the equilibrium potential as
a function of A-stoichiometry, cf. Figure 2 rotated by 90◦.
Stoichiometry stability window: Relevance for ASSB application
The stable stoichiometry AnM corresponds to an electronic insulator with a band gap. How-
ever, addition of A to the material introduces electrons into the conduction band. Similarly,
extraction of A generates electron holes in the valence band. Therefore, even small stoi-
chiometry changes of the SSE material can significantly increase its electronic conductivity
with the consequence of an electronic short circuit between anode and cathode via the SSE.
Electronic short-circuit of the electrodes causes self-discharge of an ASSB via combined elec-
tron and ion migration through the SSE. Of course, the extent of electronic conductivity
increase due to A-stoichiometry changes is strongly material-specific, because it depends on
whether the additional electronic charge carriers occupy mobile states within the conduction
or valence band, or whether they get trapped by in-gap states.
Furthermore, local changes of the SSE stoichiometry at one or both of the SSE–electrode
interfaces can result in a chemical short circuit between the electrodes and a diffusion-driven
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self-discharge of the ASSB. At both contact interfaces, the SSE stoichiometry equilibrates
with the respective electrode potential. If both the anode potential ΦA and the cathode




ox ], the SSE stoichiometry deviation z
is equal to zero everywhere, cf. Figure 2. If, however, ΦA < Φ
stoi
red and/or ΦC > Φ
stoi
ox , the SSE
stoichiometry deviation zA at the anode contact interface will be different from the value zC
at the cathode contact interface, with zA > zC . This causes an A-concentration gradient
across the SSE layer and triggers diffusion of neutral A-species from the anode side to the
cathode side. This mechanism can also proceed at open-circuit and result in self-discharge
of the ASSB via mobile species diffusion.
The speed of the diffusion self-discharge depends critically on the value of the diffusion co-
efficient of neutral A within the non-stoichiometric An+zM SSE phase. We consider an ASSB
with an SSE layer thickness of dSSE = 100µm. Assuming a small relative SSE stoichiometry
gradient of ∆z/n = 0.05 between the anode interface and the cathode interface, we estimate
a gradient of mobile ion density ∆nA/dSSE = nA (∆z/n)/dSSE = 5 × 1021 cm-4 for a typical
mobile ion density nA = 10
21 cm-3. According to Fick’s law of diffusion, an A-diffusion coef-
ficient DA = 10
−7 cm2s-1 yields an A-diffusion flux of |jA| = DA∆nA/dSSE = 5× 1014 cm-2s-1,
which is equivalent to an electrical self-discharge current of |jel| = e |jA| ≈ 0.08 mA cm-2.
A typical Li-ion battery contains approx. 20 mg cm-2 active cathode material with specific
capacitance of approx. 150 mAh/g, yielding an area-specific battery capacitance of approx.
3 mAh cm-2. Such a battery would be entirely self-discharged within approx. 1.5 days. Even
for DA = 10
−8 cm2s-1, a complete self-discharge time of approx. two weeks is obtained.
Values of 10−8–10−7 cm2s-1 are common for the ionic diffusion coefficient in SSE materials
with high ionic conductivity. However, ionic diffusion of A+ is different from the diffusion of
neutral A considered here: The latter is equivalent to a parallel diffusion of both A+ ions and
electrons as described by Maier.22 If the electronic mobility is large, the diffusion coefficient
of neutral A will be essentially equal to the ionic one. This is clearly not fulfilled for an SSE
material in its stable stoichiometry which is an electronic isolator. But, as discussed above,
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the electronic conductivity of the non-stoichiometric SSE can be significantly increased.
Thus, whether diffusion self-discharge can be relevant depends on the SSE material at hand
and on the electronic conductivity properties of its non-stoichiometric phase.
Stoichiometry stability window: Computational Implementation
We implemented the stoichiometry stability method in the Python workflow environment
AiiDA23 utilizing methods of the Python Materials Genomics (pymatgen) module.24 We pro-
vide the stoichiometry stability plug-in in the ZRL-AiiDA-toolbox repository on GitHub.17
The potential limits Φstoired and Φ
stoi
ox of the stoichiometry stability window are given by
equations (11) and (12), respectively. We choose a large supercell of the SSE structure with
a stable stoichiometry ANM and we approximate the derivatives of the Gibbs free energy by





≈ ±(EminAN±1M − EminANM). Here, we neglect the pV term, entropic contributions, and
thermal contributions to the internal energy, which is well justified if an error of ±0.1 V is
acceptable on the calculated stability potential window. SSE materials contain both occupied
and unoccupied A-sites. Every distribution i of the A-atoms over the available A-sites has
a distinct energy. We take the minimum over all configurations, i.e. the configurational
ground-state energies EminANM = min({EiANM | i ∈ confANM}) and analogously EminAN±1M. Again,
the contribution of thermally activated configurations can be neglected if an error of ±0.1 V








(EminANM − EminAN−1M − EAA) (14)
Here, the chemical potential of A-metal µAA, which is equal to the Gibbs free energy per
atom, is approximated by the energy per atom of the relaxed A-metal structure, µAA ≈ EAA .
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Monte Carlo sampling. An efficient sampling method is required to find the configura-
tional ground-state energies, because a complete sampling of all configurations is not possible,
and because the energies can vary significantly between different configurations. We use a
Monte Carlo sampling algorithm based on purely electrostatic Ewald energies to identify a
number of candidate configurations for the configurational ground-state. A random initial
distribution of A-atoms over the available A-sites is generated according to the occupancies
defined in the SSE material crystallographic file. Every Monte Carlo step consists of swap-
ping a randomly chosen A-atom to an unoccupied A-site. The swap is accepted according to
the Metropolis criterion with a probability p = min(1, exp(−∆E/(kBT ))), where ∆E is the
Ewald energy difference of the swap, kB is the Boltzmann constant, and T is the temperature
chosen. The corresponding Ewald energies are computed from the formal charges of each
species given in the crystallographic file using the pymatgen Python module.24 The Monte
Carlo process runs until equilibration is reached.
We then use the final configurations of approximately 30 independent Monte Carlo runs
to compute their density functional theory (DFT) energies including structural relaxation.
Finally, the minimum of the relaxed DFT energies is determined. The entire process is




, and EminAN−1M, respectively.
The sampling method is based on the assumption that configurations with minimum
DFT energies also have electrostatic Ewald energies close to the minimum, which has also
been used by other authors.10 To further verify this assumption, we plot Ewald energies vs.
DFT energies in Supplementary Information Figure S2 for the SSE materials LGPS, LIPON,
LLZO, LLTO, LATP, LISICON, and NASICON. For each of the compositions AN–1M, ANM,
and AN+1M, we selected 100 random configurations. A linear correlation is observed in most
cases. Typical slopes of the order of 10 indicate the dielectric screening properties of the
materials, which are neglected in Ewald energies. Based on the slopes and the scattering of
the energy–energy plots, we chose a temperature of 5000 K for the Monte Carlo runs.
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DFT details. DFT computations were performed using the Quantum ESPRESSO soft-
ware package.25 The generalized gradient approximation (GGA) of the exchange-correlation
functional in PBE form26 was used along with pseudopotentials from the SSSP Efficiency
library.27,28 We chose the double of the cutoff values suggested by SSSP for wavefunctions
and density. Because of the usage of supercells, k-point sampling was restricted to the Γ-
point. The convergence of the results was confirmed by certain computations using a 2x2x2
k-point mesh. If possible, the magnetization, i.e. the population difference ∆n between
up- and down-spin, was allowed to relax. In case of failure, it was fixed at ∆n = 0 for
ANM (closed-shell) and at ∆n = 1 for AN±1M (single unpaired electron). We further used
Marzari-Vanderbilt smearing29 with 0.005 Ry.
We also tested the influence of hybrid functionals using HSE0630 with an exact exchange
fraction of 0.25 together with SG15 ONCV pseudopotentials.31,32 We used a wavefunction
cutoff of 100 Ry for LATP and LLTO, and 60 Ry for LLZO (because of its very large cell).
The density cutoff was four times the wavefunction cutoff.
Stoichiometry stability window and HOMO–LUMO method
The SSE stoichiometry stability window is determined by the discontinuity in the chemical
potential of neutral A at the stable stoichiometry. This discontinuity originates from the
electronic HOMO–LUMO gap (or band gap). Therefore, a very close relation exists between
the stoichiometry stability method and the HOMO–LUMO method. In fact, the chemical
















where z, ze− , and zA+ are the changes in neutral A, e
– , and A+ numbers, respectively. The
ionic chemical potential µA
+
SSE essentially contains the interaction between A
+ and the SSE
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crystal field, i.e. the Madelung potential of the A-sites.19 Therefore, we assume that the ionic
chemical potential is continuous at the stable SSE composition, limz→0− µA
+
SSE = limz→0+ µ
A+
SSE.
From equations (11) and (12), we then obtain for the width of the stoichiometry stability
window


























(IPSSE − EASSE) (16)
where we used the definitions of ionization potential IP = − limz→0− µe−SSE and electron
affinity EA = − limz→0+ µe−SSE.33 We see that the width of the stoichiometry stability window
is equal to the fundamental gap of the SSE.34 In practice, the potential limits are computed
from finite A number differences as in equations (13) and (14). Then, relation (16) remains
approximately valid up to energetic differences between addition/removal of one A+ ion and
interaction terms between the added/removed A+ and e– .
An estimation of the fundamental gap from the HOMO–LUMO gap of Kohn-Sham DFT
orbitals is non-trivial. The HOMO–LUMO gap ∆ENHL = E
N
LUMO − ENHOMO of the system
with stable A-stoichiometry N gives a very poor estimate of the fundamental gap, because
of a discontinuity in the DFT exchange-correlation (xc) potential.34–36 Long-range corrected
DFT xc-functionals are known to approximately fulfil Koopmans’ theorem and yield much
better estimates of IP and EA from Kohn-Sham HOMO and LUMO energies.36 We therefore
also compute ∆ENHL for a few materials using hybrid functional DFT, cf. details given above
for the stoichiometry stability method.
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Phase stability window
The electrochemical stability of an SSE material against major decomposition of the SSE
phase is typically assessed by computing its A-grand canonical phase diagram.3,10,16 The
electro-active material of the electrode represents an A-reservoir. The corresponding A-
chemical potential µA is fixed by the electrode potential Φ via the relation Φ = −(µA−µAA)/e,
which is analogous to equation (9), with the A-metal reference chemical potential µAA.
We compute the phase stability window of an SSE in an equivalent, but slightly different
way. For an SSE material with composition AaBbCcDd , we consider all known compounds
that contain one or several of the elements A, B, C, or D, and we construct all possible SSE
decomposition reactions of type (1). For each decomposition reaction i, we then compute
the corresponding equilibrium potential Φeq,i from equation (4). Tolerating errors of the
order of 0.1 V on the equilibrium potentials, we approximate the Gibbs free energies G by
the energies E after structural relaxation. The equilibrium potentials are grouped according
to the type of reaction, i.e. either SSE reduction if xi > 0, or SSE oxidation if xi < 0. If
xi = 0, the decomposition reaction is not electrochemical, because it does not involve electron
and ion transfer, cf. Introduction. Then, the potential limits of the phase stability window
[Φphasered , Φ
phase
ox ] are given by Φ
phase
red = max({Φeq,i |xi > 0}) and Φphaseox = min({Φeq,j |xj < 0}).
The combinatorics of relevant decomposition reactions SSE→ d1 D1+ · · ·+dm Dm−xA
are restricted, because the maximum numberm of decomposition products in a given reaction
is equal to the number of distinct elements in the SSE minus one. We represent the SSE and
all products by composition vectors with one dimension for each distinct element, e.g. an SSE
material AaBbCcDd by the vector (a, b, c, d). Then the reaction stoichiometry coefficients
d1, . . . , dm, and −x are equal to the expansion coefficients of the SSE vector (a, b, c, d)
in a basis given by the set of product vectors, including the vector (1, 0, 0, 0) representing
A-metal. The total number of basis vectors is equal to the dimension, i.e. the number of
distinct elements. Because the vector representing A-metal is always present, the number
m of additional basis vectors is equal to the number of distinct elements minus one. Any
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reaction with more than m decomposition products can be written as a superposition of
such “basic” reactions, which proceed independently. Therefore, it is sufficient to consider
only basic SSE decomposition reactions. This restriction is analogous to Gibbs’ phase rule
that restricts the number of coexisting equilibrium phases. Furthermore, only decomposition
reactions with stoichiometry coefficients dj ≥ 0 must be taken into account, because the only
reactants are the SSE and, in case of SSE reduction, the A-metal reference.
Computational details. We provide our implementation of the phase stability method
as an AiiDA23 plug-in in the ZRL-AiiDA-toolbox repository on GitHub.17 For every inves-
tigated SSE material, we considered all possible decomposition products included in the
Inorganic Crystal Structure Database (ICSD).37,38 For every product, we created a supercell
and computed the DFT energy after structural relaxation. The same DFT parameters were
used as given above for the stoichiometry stability method. For products with partial oc-
cupancies, we used the Ewald energy-based Monte Carlo algorithm to generate a favourable
configuration, cf. implementation of the stoichiometry stability method.
Results and Discussion
Comparison of stoichiometry stability and phase stability windows. We com-
pare our computed stoichiometry stability windows with published3 phase stability win-
dows for a set of important Li-SSE materials: Li10GeP2S12 (LGPS), O-doped Li2PO2N
(LIPON), Li7La3Zr2O12 (LLZO), Li0.33La0.56TiO3 (LLTO), Li1.33Al0.33Ti1.67(PO4)3 (LATP),
and Li3.42Zn0.29GeO4 (LISICON). Because the precise LIPON composition Li2PO2N does not
contain accessible Li-vacancies,39 we generated Li-vacancies by slightly changing the composi-
tion to Li1.875PO2.125N0.875. In addition, we investigated the Na-SSE material Na3Zr2Si2PO12
(NASICON), for which we computed also the phase stability window using our own imple-
mentation. Table 1 summarizes the origin of crystallographic files, the corresponding crystal
structures, and the supercell compositions used in our computations.
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Table 1: Input crystallographic files, structures, and supercells for the investigated SSE
materials.
Material Origin of cif-file Structure Supercell composition
LGPS ICSD-188886 Ref.40 tetragonal Li40Ge4P8S48
LIPON Ref.39 orthorhombic Li45P24O51N21
LLZO ICSD-422259 Ref.41 cubic Li56La24Zr16O96
LLTO ICSD-82671 Ref.42 tetragonal Li6La10Ti18O54
LATP ICSD-253240 Ref.43 hexagonal Li16Al4Ti20P36O144
LISICON ICSD-100169 Ref.44 orthorhombic Li82Zn7Ge24O96
NASICON ICSD-473 Ref.45 monoclinic Na24Zr16Si16P8O96
To validate our implementation of the phase stability method, we also computed the
phase stability windows of LGPS and LLZO and compared the results with the published
ones.3 For LGPS, we obtained a phase decomposition reduction potential of Φphasered, LGPS =
(1.97± 0.15) Vvs. Li and an oxidation potential of Φphaseox, LGPS = (1.87± 0.23) Vvs. Li. Our values
for both potentials agree well with the respective values of 1.71 and 2.14 Vvs. Li previously
reported.3 Within error margins, both potential limits are equal meaning that the phase
stability window of LGPS is essentially zero. Errors on the potentials were propagated from
an estimated general error of 1.0 eV on the total DFT energy of the supercells. Decomposition
reactions with errors > 1.0 V on the corresponding equilibrium potentials were excluded.
Such large errors are encountered for very small x in equation (4), i.e. for decomposition
reactions with very little Li-exchange that are close to the ‘non-electrochemical’ limit.
For LLZO, we obtained a phase decomposition reduction potential of Φphasered, LLZO = (0.02±
0.03) Vvs. Li and an oxidation potential of Φ
phase
ox, LLZO = (2.16± 0.37) Vvs. Li. Our value for the
reduction potential agrees very well with the value of 0.05 Vvs. Li previously reported.
3 The
previously reported value of 2.91 Vvs. Li for the oxidation potential is slightly larger than our
value, but, given the larger error margin, we still consider it as reasonable agreement.
Table 2 summarizes the computed stoichiometry stability windows for the investigated
SSE materials. Our values of the Li-insertion and extraction potentials of LGPS agree well
with previously published values12 of 0.78 and 2.97 Vvs. Li, respectively. Figure 3a presents
a comparison for the Li-SSE materials with the corresponding phase stability windows pub-
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Table 2: Results from DFT computations with PBE functional and SSSP Efficiency pseu-
dopotentials: Lower and upper limits Φstoired / ox and corresponding width ∆Φ
stoi of the stoi-
chiometry stability windows for the investigated SSE materials. Potential limits are given
vs. the reference potential of A-metal oxidation (A=Li for Li-SSE materials, A=Na for NA-
SICON). Also given are the electronic HOMO–LUMO gaps ∆ENHL of the systems with stable
A-stoichiometry N.
Material Φstoired / Vvs.A Φ
stoi
ox / Vvs.A ∆Φ
stoi / V ∆ENHL / eV
LGPS 1.08 2.85 1.77 2.21
LIPON 0.00 4.11 4.11 5.13
LLZO −0.83 3.52 4.35 4.34
LLTO 1.65 4.46 2.81 2.56
LATP 0.66 3.13 2.47 2.48
LISICON −0.32 3.54 3.86 3.63
NASICON −0.17 3.41 3.58 4.34
lished in Ref.,3 which were also computed from DFT energies with PBE xc-functional. The
phase stability window of NASICON shown in Figure 3b was computed using our own im-
plementation of the method. We obtained a phase decomposition reduction potential of
Φphasered, NASICON = (1.50 ± 0.23) Vvs.Na (with decomposition products ZrO2, Na4P2O7, P, and
Na2ZrSi2O7), and an oxidation potential of Φ
phase
ox, NASICON = (2.30 ± 0.47) Vvs.Na (with prod-
ucts ZrO2, Na4P2O7, Na2ZrSi6O15, and O2), where we included an entropic contribution
−TS = −0.638 eV to the free energy of gaseous O2 at 300 K and 1 bar computed from NIST
reference data.46
In most cases, we find that the phase stability window is more limiting than the stoi-
chiometry stability window, thus supporting the common assumption.13 However, we find
an exception for the upper stability limit of LATP, where our value for the stoichiometry
oxidation potential is less than the reported phase decomposition oxidation potential.3 Also,
in many cases the difference between stoichiometry stability limit and phase stability limit
is rather small, especially when taking into account realistic error margins of few hundred
meV. This is the case for the lower potential limits of LGPS, LIPON, LLZO, and LLTO
and for the upper potential limits of LGPS, LLZO, LLTO, and LISICON. We thus find a
correlation between stoichiometry stability window and phase stability window.
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Figure 3: Stoichiometry stability windows and phase stability windows for various Li-SSE
materials (a) and NASICON (b). *For Li-SSE materials (a), published phase stability win-
dows from Ref3 are plotted. For NASICON (b) the phase stability window was computed
with our own implementation.
LGPS was experimentally found stable at least from 0.0 to 5.0 Vvs. Li,
47 which is signif-
icantly wider than both its phase stability window and its stoichiometry stability window.
This wide experimental stability window of native LGPS was confirmed in another study.48
After mixing LGPS with carbon, the same authors observed redox processes around 0.0–
0.5 Vvs. Li and around 1.6–2.7 Vvs. Li, respectively. However, we are careful with attributing
these potentials either to phase or to stoichiometry stability limits of LGPS, because it ap-
pears unclear to us whether the observed redox processes result from LGPS decomposition
alone, from carbon, or from an interaction between both.
Experimental studies of LIPON found an electrochemical stability window from 0.0 to
about 5.0–5.5 Vvs. Li,
49,50 which agrees quite well with our computed stoichiometry stability
window. Other authors, however, report decomposition of amorphous LIPON in contact with
metallic Li observed by X-ray photoemission spectroscopy (XPS),51 which is compatible with
the positive lower limit of the phase stability window.3
Stability of LLZO versus metallic Li was experimentally demonstrated52,53 in agreement
with the computed lower limits / 0.0 Vvs. Li of both phase and stoichiometry stability win-
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dows. In one study, LLZO was observed to be stable against oxidation up to very high
potentials.54 Other authors report an onset of LLZO oxidation at around 4.0 Vvs. Li,
55 which
is very close to the upper limit of our computed stoichiometry stability window, especially
from hybrid functional DFT results, cf. Table 3. However, also in this study carbon was
mixed with the LLZO so that other oxidation reactions could also be responsible for the
experimental result.
LLTO is a very interesting case, because the lower limits of both the phase stability
window3 and the stoichiometry stability window are almost identical at ≈ 1.7 Vvs. Li. This
perfectly agrees with experimental observations: A careful experimental study demonstrated
LLTO reduction below 1.7 Vvs. Li.
56 Because the amount of transferred Li agreed well with the
number of available Li vacancies inside the LLTO lattice, insertion of Li into the LLTO host
lattice was concluded. At lower potentials, more Li was consumed, which was attributed to
the formation of secondary decomposition phases. Thus, this study demonstrated that the
stoichiometry stability window defined the lower stability limit of LLTO. A similar LLTO
reduction potential was also experimentally determined by other authors.57
Another interesting case is LATP, where our computed upper limit of the stoichiometry
stability window Φstoiox is significantly less than the previously reported phase stability limit
Φphaseox .
3 This result even holds for our hybrid functional DFT results, cf. Table 3. Un-
fortunately, to the best of our knowledge, no experimental study on electrochemical LATP
oxidation exists to date that could confirm whether the stoichiometry stability window is
indeed defining the upper LATP stability limit.
For LISICON, we find almost identical upper limits of our computed stoichiometry stabil-
ity window and the previously published phase stability window.3 However, a negative value
of the lower limit of the stoichiometry stability window indicates stability against metallic
Li, whereas the phase stability window predicts instability. Experimentally, a strong reac-
tion between LISICON and Li metal was observed,58,59 clearly demonstrating that the lower
phase stability limit is critical.
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Turning to the results for NASICON, the negative value of Φstoired indicates stoichiometric
stability of NASICON against a Na metal electrode, whereas our computed phase decom-
position reduction potential Φphasered, NASICON = (1.50 ± 0.23) Vvs.Na predicts NASICON to be
unstable against Na metal in agreement with experimental findings.60 However, other au-
thors reported that no reaction was observed between NASICON and metallic Na.61 Recently,
an experimental study reported a very wide electrochemical stability window for Ca-doped
NASICON.62
The wider experimental stability windows compared to computed phase stability win-
dows observed for many SSE materials were convincingly explained with passivation due to
interphase layers of decomposition products between electrode and SSE.3 A complementary
possible explanation is a kinetic sluggishness of phase decomposition reactions.3 It was pro-
posed that the A-insertion/extraction potentials, i.e. the stoichiometry stability window,
provide hard limits for the SSE stability, because the transfer of single A-atoms between
electrode and SSE is likely to be fast.13 Furthermore, the insertion or extraction of single
A-atoms into/from the SSE structure might represent the first step in the mechanism of
SSE phase decomposition reactions. Therefore, even when strict thermodynamic stability is
defined by the phase stability window, the stoichiometry stability window could represent
a “kinetic” stability window up to which SSE phase decomposition reactions are kinetically
hindered. This interpretation could explain why in many cases better agreement is found
between experimental stability windows and the stoichiometry stability window rather than
the phase stability window.
Comparison of stoichiometry stability window and HOMO–LUMO gap. The
electronic HOMO–LUMO gaps ∆ENHL of the systems with stable A-stoichiometry N are
compiled in Table 2. Figure 4 presents a comparison of the widths ∆Φstoi of the stoichiometry
stability window with the HOMO–LUMO gaps ∆ENHL for the investigated SSE materials.
As expected from equation (16) and the discussion thereafter, a very good agreement is
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Figure 4: Width ∆Φstoi of the stoichiometry stability windows in comparison with the
HOMO–LUMO gap ∆ENHL for the investigated SSE materials.
observed for LGPS, LLZO, LLTO, LATP, and LISICON. Only for LIPON and NASICON,
∆ENHL is significantly larger than ∆Φ
stoi. The latter discrepancies can result from electronic
states of the conduction band that are shifted down into the band gap upon insertion of the
additional A+ ion in the N+1 stoichiometry system.
The HOMO–LUMO method8–10 considers only electron transfer between electrode and
SSE. Consequently, the electrochemical stability window is assessed from the ionization po-
tential and electron affinity of the SSE. Transfer of A+ ions is neglected and the electrode is
considered to be chemically inert. Therefore, the HOMO–LUMO gap is generally considered
to provide only an upper bound for the true stability potential window of an SSE mate-
rial.4,10 However, according to relation (16) and supported by our computational results,
the HOMO–LUMO gap is essentially identical to the width of the stoichiometry stability
window. Therefore, both methods implicitly consider the same physical process, i.e. an
infinitesimal exchange of A between electrode and SSE. Consequently, as discussed above,
exceptional cases can exist where the limiting stability window of an SSE material is defined
by its stoichiometry stability potentials, i.e. its HOMO–LUMO gap. The advantage of the
stoichiometry stability method over the HOMO–LUMO method is that the former directly
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Figure 5: Comparison of stability windows computed with PBE and with HSE06 DFT
functionals. (a) Phase stability windows and stoichiometry stability windows. (b) Width
∆Φstoi of the stoichiometry stability windows and HOMO–LUMO gaps ∆ENHL.
Influence of hybrid functional DFT. We calculated the phase stability window of
LLZO at the hybrid functional DFT level. Using the HSE06 functional, we recomputed only
the reaction energies of the limiting reduction and oxidation decomposition reactions that
were obtained from our implementation of the phase stability method with PBE functional.
The respective decomposition products are Li2O, La, Li6Zr2O7 for the limiting reduction
reaction, and Li2O2, La2O3, Li6Zr2O7 for the limiting oxidation reaction. We obtained
Φphase, HSE06red, LLZO = 0.00 Vvs. Li and Φ
phase, HSE06
ox, LLZO = 2.84 Vvs. Li. Also, we recomputed the stoi-
chiometry stability windows of LLZO, LLTO, and LATP using the HSE06 hybrid functional
for the minimum energy configurations obtained from the stoichiometry stability workflow
with PBE functional. Results are summarized in Table 3 and presented in Figure 5a. Note
that we had to use different pseudopotentials (SG15 ONCV) for hybrid DFT computations
than the SSSP Efficiency pseudopotentials used in the phase stability and stoichiometry
stability workflows. For direct comparability, we also recomputed the critical PBE DFT
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energies with the SG15 ONCV pseudopotentials for the PBE results shown in Figure 5a,
which, therefore, slightly differ from the results presented in Figure 3.
We find that the hybrid functional has only minor influence on the reduction potential
limits of the investigated phase stability window and stoichiometry stability windows. In
these cases, a reliable prediction of SSE stability against a metallic Li electrode is obtained at
PBE level. However, PBE results significantly underestimate the oxidation potential limits
of the stoichiometry stability windows compared to HSE06. Also the oxidation potential
limit of the LLZO phase stability window is increased using HSE06. Thus, the computation
of reliable oxidation potentials appears more demanding than for reduction potentials. This
difference might originate from the difference between anionic vs. cationic redox behaviour,
because SSE reduction largely corresponds to cationic reduction processes, whereas SSE
oxidation can affect both cation and anion valencies.
Table 3: Results from hybrid functional DFT computations with HSE06 functional and SG15
ONCV pseudopotentials: Lower and upper limits Φstoired / ox and corresponding width ∆Φ
stoi
of the stoichiometry stability windows, and the electronic HOMO–LUMO gaps ∆ENHL of the
systems with stable A-stoichiometry N.
Material Φstoired / Vvs. Li Φ
stoi
ox / Vvs. Li ∆Φ
stoi / V ∆ENHL / eV
LLZO −1.08 3.92 5.00 5.81
LLTO 1.44 5.36 3.92 4.28
LATP 0.75 4.03 3.28 4.19
Figure 5b presents a comparison of the widths of stoichiometry stability windows and
HOMO–LUMO gaps obtained with PBE and HSE06 functionals for LLZO, LLTO, and
LATP. In all cases, both the width of the stoichiometry stability window and the HOMO–
LUMO gap increase going from PBE to HSE06, which is expected because GGA functionals
are known to underestimate band gaps whereas hybrid functionals yield better estimates.63
Surprisingly, however, the agreement between the widths of stoichiometry stability windows
and the HOMO–LUMO gaps is significantly reduced at HSE06 level.
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Conclusion
We analysed the relation between three different methods to compute the electrochemical
stability window of solid-state electrolytes, namely the HOMO–LUMO method, the phase
stability method, and the stoichiometry stability method. Interestingly, the latter method
represents a link between the former two. The width of the stoichiometry stability window
is equal to the fundamental gap of the SSE. Whereas the phase stability method takes into
account the equilibrium potentials of SSE phase decomposition reactions, the stoichiome-
try stability method considers the insertion and extraction of single A-atoms (A = Li, Na)
into/from the intact SSE structure. Because these sets of instability reactions are disjoint,
the corresponding phase and stoichiometry stability windows are complementary. We fur-
ther provided computational implementations of the methods and we compared the results
for the relevant Li- and Na-SSE materials LGPS, LIPON, LLZO, LLTO, LATP, LISICON,
and NASICON. In most cases, the phase stability window is stricter than the stoichiometry
stability window, but we also found exceptions to that rule. Comparison with published
experimental stability windows revealed an ambiguous picture: Whereas for some SSE ma-
terials the experimental observations agree with computational phase stability windows, for
other SSE materials experimental stability windows are wider and in better agreement with
the computational stoichiometry stability windows.
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